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 
Abstract—The contents of an equipment enclosure, 
particularly printed circuit boards (PCBs), affect the enclosure’s 
shielding performance. At high frequencies this absorption can 
be quantified using the angle of arrival and polarization averaged 
absorption cross-section (ACS). However, there is no available 
data on the high-frequency absorption characteristics of modern 
PCBs. In this study we apply a reverberation chamber to the 
determination of the average ACS of a large number of printed 
circuit boards taken from contemporary information and 
communication technology (ICT) equipment to provide a unique 
and comprehensive data-set. The ACS was found to range from 
4×10-4 –10-2 m2 from 2-20 GHz and different classes of PCB could 
be identified according to their surface characteristics. The 
―shadowing effect‖ of densely packed PCBs was also quantified 
for a subset of the PCBs. It was found that the ACS of a PCB in 
the stack was reduced by 20 % - 40 % compared to its value 
when isolated. By way of a review of the general power balance 
analysis of an electrically large populated equipment enclosure in 
an external environment we show how the acquired data will be 
useful for future qualification methodologies for ICT enclosures 
and PCBs. 
 
Index Terms—shielding, printed circuit board, absorption 
cross-section, reverberation chamber, immunity, emissions, 
power balance 
 
I. INTRODUCTION 
he ever increasing operating frequencies of information 
and communication technology (ICT) systems is driving 
the requirements on electromagnetic shielding enclosures for 
the associated equipment to higher frequencies. ICT 
equipment is often configured as densely packed arrays of 
printed circuit boards (PCBs) inside shielded rack units. The 
absorption of electromagnetic power in the PCBs makes an 
important contribution to the level and distribution of the 
electromagnetic fields inside the enclosure and therefore to the 
overall immunity and emissions of the equipment. In this 
paper we report the measured absorption characteristics of a 
large set of ICT PCBs in the frequency range 2 to 20 GHz in 
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order to provide an informative data-set for use in high-
frequency shielding assessment and future qualification 
methodologies for ICT enclosures and PCBs. 
The effect of an enclosure’s contents on its shielding 
effectiveness has been studied experimentally over a number 
of years. At low frequencies the damping of resonances using 
absorbing material has been used to reduce both emissions and 
susceptibility of equipment [1], [2]. Efforts have been made to 
explicitly account for the effect of enclosure contents in 
shielding effectiveness metrics and measurement 
methodologies [3], [4]. IEEE Standard 299.1 contains an 
informative annex describing how to utilize absorbing 
materials in equipment enclosures for the measurement of 
shielding properties [5]. More recently, work has progressed 
to the consideration of higher frequencies using statistical 
approaches, particularly with regard to the effect of enclosure 
wall losses on shielding performance [6], [7]. 
The earliest models of equipment enclosures ignored their 
contents and thus underestimated the power losses.  PCBs 
were included in simulations of cabinets by Wallyn and 
De Zutter who modeled them as thin sheets of perfect electric 
conductor [8].  This has the desired effect of perturbing the 
internal resonances, but does not account for the damping. The 
first enclosure model to include the effect of PCB losses 
appears to be that of Thomas et al who simulated the PCB as a 
lossy dielectric slab [9]. This model has been included in the 
simulations of several other researchers [10], [11]. Further 
work on modeling the effect of an enclosure’s content on its 
shielding characteristics has been reported, mostly considering 
frequencies up to a few gigahertz [12], [13]. 
At high frequencies the absorption characteristics of a PCB 
can be quantified using its plane-wave absorption cross-
section (ACS) averaged over angles of arrival and 
polarizations of the incident plane-wave. Average ACS is 
defined as the ratio of the average power absorbed to the 
average power density of the illuminating field. Such an 
average ACS can be measured in a reverberation chamber 
(RC) [14], [15]. The average ACS obtained from such 
measurements can be used directly in a power balance (PWB) 
analysis of populated ICT enclosures in an external 
environment to provide an estimate of the level of shielding 
provided by the enclosure [16], [17]. Providing the enclosure 
is electrically large and the PCBs are located more than about 
a quarter of a wavelength away from the walls of the enclosure 
the general validation of the PWB approach provided by 
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[17-18] shows that it is an accurate method to determine the 
average internal fields. While the packing density in typical 
ICT enclosures is often so high that they cannot be regarded as 
ideal reverberation chambers the PWB approach can still be 
applied to provide a baseline reference for further 
experimental and numerical study. At very high frequencies 
some account of the “shadowing” effects of closely spaced 
PCBs can be incorporated into the analysis empirically. 
In Section II we review the power balance analysis of a 
shielded enclosure with contents from both the immunity and 
emissions perspective to show how the ACS of PCBs directly 
contribute to the relevant metrics. A collection of 23 PCBs 
taken from two modern ICT enclosures is described and each 
PCB is classified in Section III. The methodology used to 
measure the ACS of each of these PCBs in a reverberation 
chamber over the band 2-20 GHz is described in Section IV. 
The results are presented in Section V and conclusions are 
drawn in Section VI. 
II. POWER BALANCE ANALYSIS OF POPULATED ENCLOSURES 
In this section we review the high frequency power balance 
(PWB) analysis of electromagnetic coupling into and out of an 
equipment enclosure which may contain lossy objects such as 
PCBs. The power balance method is described in detail 
by [18], [19]. The method is statistically based and applies 
quite generally, being a consequence of conservation of 
average electromagnetic power in a closed system. While 
typically applied to ideally reverberant systems, with 
electromagnetic field components whose real and imaginary 
parts are zero-mean Gaussian random variables, this is not a 
necessary requirement for the application of the technique; 
however, the approached is more powerful and predictive 
when applied to systems in which the underlying statistical 
distribution functions are known. Some of the equations in this 
section were obtained previously in specific contexts by other 
authors [6], [17]. Here we state the analysis in very general 
terms for both immunity and emissions perspectives explicitly 
including the internal contents of the enclosure. 
A typical generic case is illustrated in Fig. 1. An equipment 
enclosure is located in a statistical environment Se, for 
example, a reverberation chamber. The internal environment is 
denoted by Si. For simplicity at this stage we will assume that 
the enclosure can be considered a single electrically large 
cavity with a set of contents – PCBs, looms, power supplies 
etc. The spacing between the contents and the walls of the 
enclosure is assumed to be at least a quarter of a wavelength 
so that the fields around them are well diffused. Both the 
external environment and enclosure are also assumed to 
contain two antennas, one transmitting (Tx) and one receiving 
(Rx). Fig. 2 shows the equivalent PWB circuit model for the 
system [19]. The average power densities in the external 
environment and enclosure are denoted by      and     . Here 
    denotes the average over an ensemble of systems, for 
example, in a reverberation chamber these could include the 
different positions of the mechanical tuner and different 
frequencies in a frequency tuning bandwidth. The total 
average transmission cross-section of the enclosure is 
         
  
 
  (1) 
where    
   are the transmission cross-sections of all the 
individual apertures in the enclosure [18]. We assume that the 
walls are made of material with sufficiently large shielding 
effectiveness that any transmission through them can be 
neglected. The total average absorption cross-section of all the 
contents of the enclosure is similarly 
   
         
  
 
  (2) 
where      
   are the absorption cross-sections of each 
individual item (PCB, loom,…) within the enclosure. We can 
explicitly identify the absorption cross-sections of the internal 
side of the enclosure’s walls,     
  , and the internal Tx and 
Rx antennas,       
   and        
  , by writing 
   
       
          
         
         
    (3) 
where        
   denotes the absorption by the remaining 
contents of the enclosure. Similarly for the external 
environment we write the total absorption cross-section as 
   
         
  
 
       
         
          
       
    (4) 
where     
   is the ACS of the external side of the enclosure’s 
walls,       
   and        
   are the ACSs of external 
transmitting and receiving antennas and        
   is the ACS 
due to all other losses in the external environment. 
The powers injected into the external and internal 
environments by the transmitting antennas are given by 
      
         
     
   
      
         
     
    
(5) 
where     
  are the forward powers at the antenna ports and 
       
  are the total efficiencies of the two transmitting 
 
Fig. 1.  Schematic illustration of an enclosure containing a PCB inside a 
reverberation chamber. 
 
Fig. 2.  Equivalent power balance circuit model for a populated enclosure in a 
reverberant environment. 
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antennas. The average powers absorbed by the receiving 
antennas are 
      
         
       
      
         
        
(6) 
where       
   and       
   are their respective average 
absorption cross-sections. Similar relations hold for the 
powers received by the transmitting antennas. The equivalent 
circuit can be solved for the power densities to give 
 
    
    
  
 
 
 
   
           
       
       
  
   
  
   
  
   (7) 
where the determinant is 
      
            
                  (8) 
A. Immunity perspective –external source 
In the case where there is an external source only we find 
from (7)  that  
       
    
    
 
   
       
    
   
   
  
    
  (9) 
which defines the average Shielding Ratio (SR) for the 
immunity perspective [4],[6],[18]. We avoid using the term 
“shielding effectiveness” since this is usually defined as a field 
ratio whereas the quantity above is a power density ratio. The 
overall loading effect of the equipment on the external 
environment can be found by determining the equivalent 
“admittance” of all the equipment related cross-sections to the 
right of the Se node in the equivalent circuit. This gives the 
total absorption cross-section of the enclosure and its contents 
as 
     
       
   
   
  
  
   
  
    
     
   
   
  
      
  
(10) 
The different regimes of the SR and equipment ACS are 
summarized in Table I. The table also shows the total radiated 
power (TRP) for a given internal source power (    ) in the 
emission perspective to be introduced in Section II.B. As 
       the SR becomes large and the total ACS becomes 
bounded by the absorption in the external walls of the 
enclosure - the effect of the internal absorption within the 
enclosure is not apparent. When         
  ,       →1 and 
the total ACS is just the sum of the ACSs of the enclosure 
walls (internal and external) and contents. In this case the 
enclosure is not effective at reducing the internal power 
density inside the equipment and the shielding ratio 
approaches unity. We see from (10) that the apparent ACS of 
the contents seen from the external environment is their actual 
ACS scaled by       . Note also that in the good shielding 
regime the shielding ratio is directly proportional to    
  ; for 
an empty enclosure        is therefore dependent on the 
usually uncontrolled ACS of the internal walls of the 
enclosure as found by [6]. We see that both      and     
   
together characterise the intrinsic “shielding capability” of the 
enclosure, independently of the internal contents. However, 
knowledge of the SR for the empty enclosure itself does not 
allow the SR for a populated enclosure to be determined. 
Specifically the SR of the enclosure populated by contents 
with ACS        
  , denoted by      
          , is related to the 
SR of the empty enclosure,      
      , by 
     
                
       
       
  
    
  (11) 
Since      is not determined by a measurement of      
      , 
the populated SR cannot be inferred, even if        
   is known. 
     could in principle be determined by measuring the SR of 
an enclosure containing an object of known ACS. 
B. Emission perspective – internal source 
In the case where there is an internal source only, for 
example when considering the emissions of the equipment, we 
define the average shielding ratio by  
       
    
    
 
   
       
    
   
   
  
    
  (12) 
This definition of average shielding ratio is not reciprocal with 
the immunity case: 
               (13) 
From (7) the average total radiated power (TRP) of a source 
located in the external environment, in the presence of the 
enclosure, is related to the external power density by  
     
 
   
       
      (14) 
Using (7) again the TRP (into the external environment) of an 
enclosure that contains an internal source radiating power P
src 
(into the internal environment) is thus 
     
 
   
       
    
 
     
    
      
  (15) 
showing that the TRP of the EUT is the total power emitted 
into the internal environment, suppressed by the immunity 
shielding ratio. Since        depends on the ACS of the 
enclosure contents the total emissions are reduced by 
increasing the loading of the enclosure as shown by [7].  
The power balance approach does not directly provide any 
information about the radiation pattern of the enclosure. At 
high frequencies the far-field radiation pattern can be highly 
directive due to the large phase variations across all the 
apertures in the enclosure [20]. The near-field emissions 
likewise vary extremely rapidly both spatially and with 
frequency [21]. 
TABLE I 
SHIELDING REGIMES. ACS AND        ARE SPECIFIC TO THE IMMUNITY 
PERSPECTIVE AND TRP TO THE EMISSION PERSPECTIVE. 
Shielding 
Regime 
ACS 
(m2) 
       
(-) 
TRP 
(W) 
       
Perfect Shielding 
     
       
             
      
        
   
Good Shielding      
  
     
        
       
   
  
    
   
    
      
        
   
Poor Shielding      
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C. Contribution of PCBs to the internal environment 
The above analysis makes clear that the energy density 
inside the enclosure depends not only on     , but also on the 
contents. We expect that in densely populated enclosures the 
losses in the contents will dominate the wall losses,        
   
    
  , and therefore the ACS of the contents has a key role in 
determining the immunity of the equipment.  The immunity of 
a PCB inside an enclosure to external interference power is 
ultimately determined by the energy coupled to active devices 
on the PCB – i.e. absorbed power in devices. This in turn 
depends on the effective receiving aperture of each device port 
on the PCB and the power density in the enclosure. The 
absorption cross-section of the PCBs can, formally at least, be 
split into two components 
       
              
              
    (16) 
where            
   corresponds to power absorbed in the 
passive structural components of the contents such as 
packaging, PCB substrates and cable dielectrics while 
           
   is the component that is absorbed in the loads of the 
PCBs’ circuits. Again rather formally we can write this 
component as 
           
         
  
 
  (17) 
where      
   are the absorption cross-sections into the loads of 
the PCBs’ ports. The power coupled into the active devices on 
a PCB, and therefore its susceptibility, can be reduced by two 
methods: 
1. By reducing the effective receiving cross-sections, 
     
  , seen by devices at the PCB ports. This is fixed 
by the PCB design (to first approximation – in densely 
packed enclosures it will be affected by its 
surroundings). 
2. By reducing the internal power density in the 
enclosure.  
There are a number of ways to reduce the internal power 
density: 
1. Reducing the external power density. However, the 
external environment is often uncontrolled or defined 
by EMC standards. 
2. Reducing the total (intrinsic) transmission cross-
section,     , of the enclosure. This is usually limited 
by the necessity of providing thermal ventilation, wired 
connections and the capabilities of shielding 
technologies (e.g. gaskets, finger-stock, cable 
termination…) at high frequencies. 
3. Increasing the absorption cross-section of the enclosure 
contents. This can be partly achieved using the non-
susceptible contents in the enclosure,            
  , and 
partly by balancing the power absorbed by the circuit 
loads,            
  . Addition of absorber to the inside of 
shielding cans is also a common remedial approach to 
EMC problems that are only detected at a late stage of 
product development. 
The latter balancing effect is clearly critical since any strong 
coupling into a particular PCB load is a potential susceptibility 
problem that we are trying to avoid. Nevertheless, the average 
absorption of power by a PCB has a very important impact on 
the overall EM environment inside a densely populated 
enclosure and therefore on the immunity of the PCB itself and 
other PCBs in the equipment enclosure. 
D. Shadowing effects in stacked PCBs 
The close proximity of the PCBs inside typical ICT 
enclosures will cause “shadowing effects” that reduce the 
ACS of the overall PCB stack compared to the sum of the 
individual ACSs of each PCB. We postulate that the ACS of a 
stack of NPCB PCBs, as shown in Fig. 3, can be written as 
       
   
 
 
       
        
  
    
   
   
    (18) 
where    
   is the ACS of PCB number i in isolation and the 
overall shadowing factor,          , of each PCB 
     
  
 
 
      
        
    (19) 
has been divided into two parts,      
  and       
 , for the 
shadowing of PCB i due to the PCBs on either side of it in the 
stack. The externally facing sides of the PCBs at the two ends 
of the stack are assumed to be un-shadowed so that 
     
 =      
      . Note that in general       
       
   , as can 
be easily appreciated by considering the case when the two 
PCBs are different sizes. If two PCBs, i and i+1, are similar in 
size and construction then it may be that       
       
   . This 
model can only be an approximation to reality since the 
shadowing may affect the nature of the field incident on each 
PCB and therefore the absorption efficiencies of each PCB in 
the stack may be different to when it is isolated. 
III. PRINTED CIRCUIT BOARDS 
The absorption characteristics of a collection of 23 PCBs 
from two different ICT cabinets were subjected to ACS 
measurement in a reverberation chamber. The PCBs were 
fabricated using FR-4 substrates with six to twelve layers. 
The PCBs’ surfaces ranged from sparsely populated open 
tracks, to areas covered with heat-sinks and large shielding 
cans so the surface absorption characteristics of the PCBs are 
likely to vary significantly. We therefore classified the PCBs 
after a visual inspection according to the number of sides, 
 
Fig. 3.  Definition of shadowing factors in a stack of NPCB PCBs. 
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component density and proportion of their surface area that 
were shielded, either intentionally by shielding cans or as a 
consequence of heatsinks. The classification scheme consists 
of a two letter and single number “tag” as defined in Table II. 
The main characteristics of the PCBs, including their 
classifications are given in Table III. Fig. 4 shows a 
photograph of one PCB from each of the four classes. 
The average absorption efficiency,       of an object is 
defined as the ratio of its average ACS to its average silhouette 
area,    , and normalizes out the overall size of the object. For 
a convex object         , where    is its surface area [22]. 
Hence the absorption efficiency (AE) of a PCB is given by 
     
    
   
 
 
  
     
 
   
      (20) 
where n is the number of absorbing sides, l the length and w 
the width. 
In order to quantify the shadowing of PCBs in a stack a 
subset of four equally sized PCBs, which formed a stack in 
one of the enclosures and were all of class HU2, were 
measured in three pairs, two sets of three and all together in 
the order they appeared in the enclosure. The spacing of the 
PCBs was 20 mm, the same as when the PCBs were installed 
in the enclosure, and for these initial experiments the back-
planes of the PCBs were not connected together. The front of 
the PCBs, which were grounded to the front plates of the 
enclosure rail were in contact during the measurements. 
IV. MEASUREMENT METHODOLOGY 
The ACS of each PCB was measured in an RC of 
dimensions 0.6 m × 0.7 m × 0.8 m using the methodology 
described in [14]. This size of chamber was necessary in order 
for the measurable range of ACS to cover the expected range 
of PCB ACSs [15]. The experimental setup is shown in Fig. 5. 
The chamber was tuned using a stepped mechanical paddle 
with 100 equal spaced angles and frequency tuning over a 
bandwidth of 100 MHz was also employed. The average 
chamber power transfer function,       
  , between two 
monopole antennas was measured from 2-20 GHz with a 
frequency resolution of 2 MHz using a vector network 
analyzer (VNA).  
The essence of the measurement is that the ACS of an 
object is the difference between the total ACSs of the chamber 
with and without the object inside. Since the total ACS is 
inversely related to the chamber power transfer function the 
ACS of the object can be determined from [14] 
     
   
  
  
  
   
  
 
     
       
 
 
 
 
     
         
 
 
 , (21) 
where  is the wavelength,   
  are the total radiation 
efficiencies of the two antennas and      
       
 
  and 
     
         
 
  are the loaded and unloaded chamber power 
transfer functions respectively. The total radiation efficiencies 
are given by the products of the dissipative radiation 
efficiencies due to ohmic and dielectric losses on the antennas 
Fig.  4. Photographs of one PCB from each of the four defined classes. 
 
 
TABLE II 
PCB CLASSIFICATION SCHEME: <CD><SS><n> 
Tag Values Interpretation 
<CD> L Low component density 
 H High component density 
<SS> U Low proportion of surface shielding 
 S High proportion of surface shielding 
<n> 1 One-sided absorption (one side is ground plane) 
 2 Two-sided absorption (typical case) 
 4 Four-sided absorption (two PCB mini-stack) 
 
TABLE III 
CHARACTERISTICS OF THE 23 PCBS MEASURED 
Length, l (mm) Width, w (mm) Classification Number of PCBs 
210 85 LU2 1 
210 150 HU2 1 
210 170 HU2 2 
210 170 LU2 1 
283 75 LS4 2 
283 145 HU2 6* 
283 145 HS2 2 
365 210 HU2 8 
* Four PCBs from this group were used for the stack measurements. 
 
Fig. 5. Schematic illustration of RC setup for the PCB ACS measurements. 
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(  
   ) and the reflection mismatch factors        
   
 
  of 
each antenna, where    
   denotes the free-space reflection 
coefficient of the antennas. 
The overall measurement procedure was validated using a 
collection of objects with known ACS [15]. The uncertainty in 
the ACS is estimated to be ±15 %. 
V. RESULTS 
The measured ACSs of all the PCBs are shown in Fig. 6, 
identifying those in each class. Overall the ACS ranges from 
4×10
-4
 m
2
 to just over 10
-2
 m
2
 and has a generally decreasing 
trend with frequency. The HU2 and HS2 class PCBs are 
mixed together in the main cluster of graphs between 
2×10
-3
 m
2
 and 10
-2
 m
2
 with no discernible distinction between 
the two classes. The LS4 class PCBs are both located on the 
lower edge of this main group with ACSs in the range 
3×10
-3
 m
2
 to 5×10
-3
 m
2
. The LU2 PCBs form a distinct group 
with much lower ACSs in the range 6×10
-4
 m
2
 to 2×10
-3
 m
2
. 
These PCBs also show greater variation with frequency, 
particularly at lower frequencies when they also have a greater 
difference between themselves. Note that the measurement 
uncertainty is greater in the low frequency band, particularly 
from 2-3 GHz, due to a lower number of independent field 
samples and larger amount of non-stochastic energy in the 
chamber [15]. 
The quantiles of the measured ACSs are shown in Fig. 7. 
The median ACS is relatively flat, falling from 6×10
-3 
m
2
 at 
2 GHz to 4×10
-3 
m
2
 at 20 GHz. The 10-th and 90-th percentiles 
range between 2×10
-3
 m
2 
and about 10
-2
 m
2
. 
Using (20) and the characteristics in Table III the AE of 
each PCB was determined. Fig. 8 shows the results for all the 
PCBs. The bulk of the PCBs have AEs in the range -12 dB to 
-5 dB. There is a slightly decreasing trend in the AE with 
frequency for most of the PCBs. Again there was no 
significant distinction between the HU2 and HS2 class PCBs. 
The LU2 PCBs had AEs located at the bottom of the main 
group, becoming distinctly separated from the main group 
above 6 GHz. The LS4 PCBs had much lower AE than all the 
others, ranging from -20 dB to -16 dB. Since these PCBs were 
“mini-stacks” of two PCBs with four sides, according to our 
definition in Table III, this suggested strong shadowing of the 
two facing sides in the mini-stack. Put another way, in terms 
of absorption the mini-stacks appear to behave more like two-
 
Fig. 6.  The measured ACS of all the PCBs identifying those in each class. 
 
Fig. 7.  Quantiles of the measured ACS of the PCBs. From top to bottom the 
maximum, 90th percentile, median, 10th percentile and minimum are shown. 
 
Fig. 8.  The measured AE of all the PCBs identifying those in each class. 
 
Fig. 9.  Quantiles of the measured AE of the PCBs. From top to bottom the 
maximum, 90th percentile, median, 10th percentile and minimum are shown. 
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sided PCBs. The quantiles of the AE are shown in Fig. 9. The 
median AE is -10 dB at 2 GHz, falling gradually to -12 dB at 
20 GHz. The 10-th and 90-th percentiles span the range 
-12 dB to -6 dB. Due to the nature of the LS4 class PCBs the 
separation between the minimum and 10-th percentile AE is 
much greater than that between the 90-th percentile and 
maximum AE.  
Table IV provides a summary of the main statistics of the 
measured PCB ACSs and derived AEs, giving the expectation 
value, standard deviation and coefficient of variation of each 
in five frequency bands. 
The ACSs of the PCB stacks are shown in Fig. 10. It can be 
seen that the ACSs of all the single PCBs, pairs and 
threesomes are well separated into groups with relatively little 
variation within the groups. The ACSs are not exactly 
additive, indicating that shadowing between the PCBs is a 
significant effect. Since all four of the PCBs investigated in 
the stack measurements were the same size and there is little 
apparent difference in the ACS of the different pairs and 
threesome we assumed that the shadowing factor of all the 
PCB faces (except for those on the ends of the stack which 
were taken to be unity) are the same. Using this assumption 
and (18) specialized to each stack the shadowing factor can be 
estimated from each measurement. The results are shown in 
Fig. 11. The shadowing factors from the different 
measurements are quite consistent and above 4 GHz are 
mostly within the range 0.6 to 0.8, indicating that 20% - 40 % 
less power is absorbed by the faces of the PCBs inside the 
stacks compared to when the PCBs are isolated. There is an 
overall trend to a maximum in the shadowing factor at 
12-14 GHz. Below about 5 GHz, there is more variability in 
the shadowing factors suggesting that specific features of the 
PCBs may be playing more of a role. 
VI. CONCLUSIONS 
Determining the shielding effectiveness of an enclosure 
under real operating conditions is of great importance in 
ensuring the electromagnetic compatibility of the systems it 
contains. The shielding effectiveness of the enclosure depends 
directly on the energy absorbed by its contents. In this paper a 
comprehensive data-set for the average ACS of modern ICT 
PCBs has been measured using a reverberation chamber. The 
acquired data is directly applicable to the high–frequency 
power balance analysis of shielding by electrically large 
equipment enclosures and the development of future 
electromagnetic compatibility qualification methodologies for 
enclosures and PCBs. In particular the results and the 
methodology used to obtain them provide a basis for 
extending earlier work on the use of “representative contents” 
in the characterization of enclosure shielding, as described in 
Annex K of IEEE 299.1, to the higher frequencies necessitated 
by current trends in ICT. Using a review of the power balance 
analysis of both the immunity and emissions perspectives of a 
populated enclosure we demonstrated how the average ACS of 
the contents impacts on the overall shielding effectiveness of 
the enclosure.      
We were able to classify the PCBs according to their 
external physical attributes and derived their average 
absorption efficiencies, which provide a PCB size independent 
measure of the absorption. While average ACS is essentially a 
far-field quantity we were able to empirically quantify the 
“shadowing effect” when the PCBs were stacked together in 
close proximity to each other as they typically are in modern 
ICT enclosures. Here we have assumed the PCBs are located 
more than a quarter-wavelength from the enclosure walls; 
further work is necessary to investigate the effect on the 
 
Fig. 10.  The measured ACS of various sub-stacks of four HU2 class PCBs. 
 
Fig. 11.  Estimated shadowing factor of the four HU2 PCBs, assuming that it 
is the same for all sides of each PCB. 
 
 
 
TABLE IV 
SUMMARY STATISTICS OF THE MEASURED PCB ACSS,     , AND ABSORPTION 
EFFICIENCIES,     , IN DIFFERENT FREQUENCY BANDS. HERE E[·] DENOTES THE 
EXPECTATION VALUE, VAR[·] THE VARIANCE AND COV[·] THE COEFFICIENT OF 
VARIATION. 
Statistic 3 GHz 6 GHz 10 GHz 15 GHz 20 GHz 
        (cm2) 61 47 46 43 41 
           (cm2) 25 21 21 24 23 
          (-) 0.40 0.45 0.46 0.56 0.55 
        (-) 0.22 0.17 0.17 0.15 0.15 
           (-) 0.09 0.07 0.07 0.07 0.07 
          (-) 0.43 0.43 0.41 0.45 0.44 
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absorption of bringing the enclosure walls much closer to the 
PCB stack and if average ACS remains a useful metric in this 
case. 
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